In recent years, the development of optical microresonators have attracted extensive research interest[@b1][@b2][@b3][@b4][@b5], not only because of their small mode volume and high quality (*Q*) factor for fundamental physics investigation[@b6][@b7], but also for potential applications in such as laser sources, active filters and photonic sensing devices for label-free detection[@b8][@b9]. In order to create optical microresonators, different kinds of structures and fabrication techniques have been adopted, and laser emissions have been observed from various geometries, such as Fabry-Pérot cavity[@b10][@b11], photonic crystal[@b12][@b13], random cavity[@b14][@b15], plasmonic cavity[@b16][@b17], distributed feedback resonator[@b18], as well as whispering gallery modes (WGM)[@b8][@b19]. Among these alternatives, WGM lasing is an interesting case because of its intrinsically high *Q* factor, low lasing threshold and relatively simple fabrication[@b20][@b21][@b22].

A conventional structure which can achieve WGM is the spherical resonator. By embedding gain materials into such cavity, the emitted light can be trapped inside the sphere by multiple total internal reflections at the interface near the sphere and the surrounding medium[@b23]. More interestingly, once the confinement of light on the scale of photon wavelength is achieved, cavity quantum electrodynamics effect will take place, which will largely enhance the corresponding coupling strength[@b6][@b24]. As is well-known, microdroplets tend to form an almost perfect spherical shape with a smooth surface. In fact, laser emission has been demonstrated from liquid microdroplets levitated in the air by electrodynamic endcap trap[@b25][@b26]. However, a levitated microresonator is difficult for practical applications. A more reliable approach is the stationary microdroplets located on a super hydrophobic surface[@b27][@b28]. Although lasing action has been observed from such kind of structure, the microdroplets were not stable due to water evaporation. Therefore, the optical stability of the solid-state configurations under excitation condition is required for the lasing operation. Moreover, single mode lasing has not been observed to date, which limits their practical applications in laser spectroscopy and laser metrology[@b29].

In this paper, we report the hybrid microresonators which combine self-assembled hemispherical structures with a planar reflector (either a distributed Bragg reflector or a metal mirror). Optically pumped lasing action is observed at room temperature from the dye-doped hemispheres by using a micro-photoluminescence (μ-PL) system. The analysis of the sharp peaks supports the WGM lasing mechanism. Especially, single mode lasing is obtained from hemispheres with diameter ∼15 μm. Lasing mode shift under varying pump densities is observed, which is attributed to frequency shift and mode hopping. Our studies provide a versatile approach for three dimensional (3D) confined resonators with tunable sizes.

Results
=======

Hemispherical microresonators fabrication
-----------------------------------------

The hemispherical microresonators were self-assembled through hydrophobic effect and surface tension force. As shown schematically in [Figure 1](#f1){ref-type="fig"}, a DBR was firstly fabricated on a glass substrate by electron beam evaporation under high vacuum. The inorganic DBR comprises 27 alternating TiO~2~ and SiO~2~ quarter-wave layers for high reflectance. The reflectivity is up to 99.5% at 630 nm with a stop-band width more than 140 nm. A hydrophobic surface which is transparent to excitation light was prepared by spin coating a layer of 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane at room temperature[@b28]. The material used to form the hemisphere is Araldite® 506 epoxy resin with high viscosity, which is purchased from Sigma-Aldrich. The epoxy resin was mixed with chloroform with a ratio of 8∶1, and the dye molecules Rhodamine 6G were added as gain material. A drop of solution was then deposited on the hydrophobic DBR and spread by a soft felt[@b30]. By drying in air for 1 day and additionally in an oven at 80°C for 1 hour, solid state hemispherical microresonators with diameters ranging from 5 to 120 μm can be obtained, as shown in [Figure 1d](#f1){ref-type="fig"}. The contact angle of the hemispherical microresonators on hydrophobic DBR was determined to be 75° ([Figure S1](#s1){ref-type="supplementary-material"} and [Figure S2](#s1){ref-type="supplementary-material"}, [Supplementary Information](#s1){ref-type="supplementary-material"}).

The optical images of the top-down view of hemispherical microresonators under halogen illumination are shown in [Figure 1e and 1f](#f1){ref-type="fig"}, respectively. The background color of the image is due to the reflection of the DBR substrate. It can be seen clearly that the as-fabricated structures possess a hemispherical shape and the trace lines of the structure boundaries are perfectly circular. For the hemispheres shown in [Figure 1e and 1f](#f1){ref-type="fig"}, the diameters are estimated to be 100 and 15 μm, respectively.

Continuous wave laser excitation
--------------------------------

We investigate the optical property of individual hemispheres by means of a μ-PL system (see Methods for details). [Figure 2a](#f2){ref-type="fig"} depicts the room temperature μ-PL spectrum from a single hemisphere ([Figure 1e](#f1){ref-type="fig"}, with diameter of 100 μm) excited by CW laser line of 325 nm. As shown in [Figure 2a](#f2){ref-type="fig"}, for pump power increasing by one order of magnitude, only one broad emission between 520 and 680 nm can be observed. The integrated PL intensity of this peak under different pump power is shown in [Figure 2b](#f2){ref-type="fig"}. It is known that the PL intensity (*I~PL~*) can be described as a function of the laser pump power (*I~EX~*) by , where *α* denotes the nonlinear component[@b31]. It can be seen that the integrated PL intensity of the hemisphere increases approximately linearly with the pump power. By fitting the experimental data, a factor of ∼1.1 for nonlinear component *α* can be obtained, which affirms the spontaneous emission from the dye-doped hemisphere.

WGM lasing from hemispherical microresonators
---------------------------------------------

We have also examined the emission characteristics of the same hemisphere under high power density excitation through a green pulsed laser. [Figure 3a](#f3){ref-type="fig"} shows the μ-PL spectra of the hemisphere under different pump pulse energy at room temperature. It is noted that the sample displays a weak and broad spontaneous emission under low pump pulse energy such as 1.00 μJ. As the pump pulse energy increases, multiple sharp peaks with a line-width as narrow as ∼0.10 nm emerge from the broad spontaneous peak, the intensity of which increases rapidly with the further increasing of the pump pulse energy. A plot of the integrated PL intensity of these stimulated peaks with respect to the pump pulse energy is shown in the inset of [Figure 3a](#f3){ref-type="fig"}. The observed nonlinear increase of the emission intensity is an indicator of lasing phenomenon from the hemisphere, and the lasing threshold is determined to be 1.81 μJ. It is known that the *Q* factor is an important parameter to describe a laser cavity. From the experiment, the *Q* factor is estimated to be as high as ∼5500 according to the definition *Q = λ/δλ*, where *λ* is the peak wavelength and *δλ* is the line-width of the peak, respectively. It is noted that the *Q* factor of the proposed structure is higher than the previous reported data[@b27][@b28], which may due to the perfect hemispherical surface as well as the introduction of the bottom DBR substrate.

The μ-PL spectra around the threshold are magnified and plotted in [Figure 3b](#f3){ref-type="fig"}. The evolution from spontaneous to stimulated emission can be seen very clearly. Moreover, the PL images of the hemisphere below and above the threshold are shown in [Figure 3c and 3d](#f3){ref-type="fig"}, respectively. Once again, a perfect hemispherical shape of the structure can be observed clearly. A closer look at the PL images reveals the different brightness and color for the two situations. It is known that the hemisphere below the threshold demonstrates a broad band emission. However, when the optical pumping exceeds the threshold, the color of the PL image changes from peach to orange, which is due to the lasing emission at ∼566 nm.

To further investigate the lasing mechanism observed from the hemisphere clearly, μ-PL spectrum recorded under pump pulse energy of 2.50 μJ has been enlarged and presented in [Figure 4](#f4){ref-type="fig"}. It is found that the mode spacing of the lasing denoted as Δ*λ* is measured to be 0.79 nm. Let *D* and *n* be the diameter and the effective refractive index of a circular cavity, respectively, the resonant condition can be approximately written as *πDn* = *Nλ*, where *N* is the mode number and *λ* is resonant wavelength. For an ideal circular resonator formed by epoxy resin (*n* = 1.41 and *D* = 95 μm), the mode number of the peaks N1 and N2 can be indexed as 743 and 744, respectively. The calculated mode spacing is 0.76 nm, which agrees well with the experimental data. Moreover, the diameter *D* is close to the value as shown in [Figure 1e](#f1){ref-type="fig"}. Therefore, the lasing mechanism is ascribed to WGM.

Single longitudinal mode lasing
-------------------------------

The absorption and emission of the dye molecules are plotted in the inset of [Figure 4](#f4){ref-type="fig"}, where the black arrow denotes the pumping wavelength, and the patterned area represents the region where the optical gain larger than the loss can be achieved. As indicated in the inset of [Figure 4](#f4){ref-type="fig"}, single mode lasing can be achieved if the mode spacing from the circular cavity is comparable to the width of the lasing region. Following this idea, we have indeed observed single mode lasing. The red curve in [Figure 4](#f4){ref-type="fig"} depicts the selected lasing emission from hemisphere with smaller diameter ([Figure 1f](#f1){ref-type="fig"}, with diameter of 15 μm). The spectrum was captured under pump pulse energy of 3.4 μJ which is above the threshold. It can be seen that the lasing action is entirely occupied by a single longitudinal mode, which indicates the tunability of the proposed lasing structure. The *Q* factor is calculated to be ∼4500, which is smaller than the bigger hemisphere discussed above. This can be explained by the smaller hemisphere cavity volume, which provides less spatial overlap between the WGM and the dye molecules gain medium, resulting in more light leakage (optical loss) from the WGM cavity[@b19][@b32].

It is very interesting to see the pump pulse energy dependence of the lasing emission from the small hemisphere, which was shown in [Figure 5a](#f5){ref-type="fig"}. All the curves are normalized and shifted vertically for better comparison. It can be seen clearly that the same hemisphere shows different lasing peaks under different pump pulse energies, which can be classified into different groups denoted as P1, P2 and P3, respectively. As depicted in [Figure 5a](#f5){ref-type="fig"}, all the peaks show a gradual and nonreversible blue shift with increase pump pulse energy. In contrast, the evolution of the peak intensity is more complicated. For example, with the increase of pump pulse energy, P1 demonstrates a monotonous decrease and totally disappears when pump pulse energy higher than 3.20 μJ, which is the reverse phenomenon compared to P3. More surprisingly, the change of P2 is nonlinear, which shows an increase and then decrease of the intensity. For better understanding, the peak position and peak intensity of P2 changed with pump pulse energy are plotted in [Figure 5b](#f5){ref-type="fig"} and [6c](#f6){ref-type="fig"}, respectively. It can be seen that the peak position of P2 is monotonous dependent on the pump pulse energy, while the peak intensity shows a peak-like profile.

The change of lasing modes can be well-explained by frequency shift and mode hopping. Under high pulse laser excitation, the size of the hemisphere will slightly change and the radiation induced photo-oxidation will take place[@b25][@b33]. As is well-known, the lasing emission is very sensitive to the cavity length and the gain profile[@b34]. However, if only the change of cavity size is responsible to the observation, P1 should show a continuous increase rather than decrease. On the other hand, if the observation is due to photo-oxidation only, then all the peaks should keep the same position. In order to explain the frequency shift and mode hopping, schematic diagrams as drawn in [Figure 5d](#f5){ref-type="fig"} to [6h](#f6){ref-type="fig"}. The curves stand for the optical gain profile of the dye molecules, while the vertical solid/dashed lines represent the cavity mode of WGM resonators. As can be seen in [Figure 5d](#f5){ref-type="fig"}, at low pump pulse energy 2.40 μJ, only the P1 and P2 modes are covered inside the optical gain due to the small diameter of the hemisphere. In this situation, only two lasing peaks are able to be observed. With the increase of pump pulse energy, the laser pumping will introduce the slight change of cavity size and photo-oxidation. Therefore, the optical gain profile and the cavity mode will demonstrate a blue shift simultaneously. However, it is noted that the speed of the optical gain shifting is faster than the cavity mode, which results in single longitudinal mode lasing under pump pulse energy of 3.20 μJ as shown in [Figure 5d](#f5){ref-type="fig"}. Followed this explanation, all the experimental data plotted in [Figure 5a](#f5){ref-type="fig"} can be well-understood. Therefore, the information extracted from [Figure 5b](#f5){ref-type="fig"} reflects the change of cavity size with pump pulse energy. As a matter of fact, the modal blue shift is slower than the previous report[@b25], which should be ascribed to the better protection of dye molecules inside epoxy resin. Moreover, the evolution of the P2 peak intensity roughly represents the optical gain profile of the dye molecules.

3D confinement
--------------

We also measure the emission from spherical microresonator on top of glass substrate. As shown in [Figure 6(a)](#f6){ref-type="fig"}, no lasing action observed under optical excitation. Moreover, the PL image given in [Figure 6(c)](#f6){ref-type="fig"} is different from [Figure 3](#f3){ref-type="fig"}, where no circular pattern can be observed. This control experiment implies the important role of the bottom planar DBR. Thanks to the bottom DBR and the higher refractive index of the epoxy resin compared to the surrounding environment (air), the light emitted from the dye molecules is totally confined inside the hemisphere, and propagates in the plane parallel to the substrate by multiple total internal refractions. The resonance condition is fulfilled once the light reaches the origin point with the same phase after one circulation. Therefore, the observation of high quality lasing was ascribed to the hybrid microresonator combined hemispherical resonator with planer DBR, which results in the 3D confinement. It is also possible to replace the bottom planer DBR by a metallic substrate, such as Aluminum (Al) foil. Although the surface of the Al foil is not very smooth, as shown in [Figure 6(e)](#f6){ref-type="fig"}, under the same measurement condition, lasing emission from spherical microresonator on top of Al foil can be observed, which further verifies the importance of high reflectivity of the bottom plane. This proof-of-concept demonstration may also provide a possible platform for investigation of interaction between surface plasma and optical microresonator, and also points an effective route of fabricating microlasers on flexible substrate.

Discussion
==========

We demonstrate a feasible technique for hybrid self-assembled 3D confined hemispheres through hydrophobic effect for optical microresonators. At room temperature, multimode and singe-mode lasing were observed from dye-doped hemisphere with different sizes. The blue shift of lasing modes under different pump pulse energy was investigated carefully, and the results indicate both the slightly change of cavity size and the radiation induced photo-oxidation are responsible for the frequency shift and mode hopping. We believe an even lower threshold and stable performance of the microlasers can be obtained through better protection of the gain materials. It is important to note that the proposed microlaser could be pumped efficiently by a vertical cavity semiconductor laser, or even a high brightness light-emitting diode with a suitable operating wavelength. Owing to the simple, high *Q* resonating property and 3D confinement, our system offers a versatile candidate for the future exploration of light/matter interaction as well as microlasers for photonic devices.

Methods
=======

Optical measurement setup
-------------------------

A He-Cd laser with laser line of 325 nm was used as the CW excitation source. For high density excitation, the laser source was replaced by a frequency-doubled, Q-switched Nd:YAG laser which produced green pulse at the wavelength of 532 nm. The pulse width and repetition rate of the laser are about 1 ns and 60 Hz, respectively. The excitation laser was guided and focused to a spot of 1.5 mm in diameter at a grazing angle ∼45° normal to the DBR substrate. The sample was put on an X-Y-Z movable stage. The signal emitted from individual hemisphere was collected with an objective (50 ×, numerical aperture = 0.42), and delivered to a camera for imaging, or focused into an optical fiber and directed into a 750 mm monochromator combined with a back-illuminated silicon charged coupled device (CCD) for spectral recording. The collection of the emission can be either from the top or the edge of the hemispheres. With the selected 600 grooves/mm grating (blaze at 500 nm) and input slit width of 20 μm, a spectral resolution of ∼0.05 nm can be achieved. Moreover, a shutter was used to block the pump beam at all times except during the 200 ms exposure periods of the CCD camera. And the pump power can be adjusted by a variable-density filter. Schematic diagram of the experimental setup can be found in [Figure S3](#s1){ref-type="supplementary-material"}, [Supplementary Information](#s1){ref-type="supplementary-material"}.
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![Hemispherical structure fabrication.\
(a)--(d) Schematic diagram of the fabrication process of hemispherical structure through hydrophobic effect. (e) and (f) The optical image of the created hemispheres with halogen illumination.](srep00244-f1){#f1}

![CW laser excitation of hemispherical microresonator.\
(a) The PL emission recorded at room temperature as a function of CW laser pump power. (b) The integrated PL intensity with the change of pump power.](srep00244-f2){#f2}

![WGM lasing from hemispherical microresonator.\
(a) The μ-PL spectrum of an individual hemisphere under different pump pulse energy. The inset shows the dependence of integrated PL intensity on the pump pulse energy. (b) The enlarged part of the μ-PL spectrum near threshold. (c) and (d) The PL images of the hemisphere below and above threshold, respectively.](srep00244-f3){#f3}

![Single longitudinal mode lasing.\
Spectrum of multimode (black curve) and single-mode lasing (red curve) from hemisphere with diameter of 100 and 15 μm, respectively. Inset shows the absorption and emission spectra for the dye molecules. Black arrow denotes the pump wavelength, and the blue area marks the optical gain region of the dye molecules.](srep00244-f4){#f4}

![Frequency shift and mode hopping.\
(a) Blue shift behavior of the hemisphere with diameter of 15 μm, where P1, P2, and P3 denote the three different peaks. (b) The evolution of P2 peak position with pump pulse energy. (c) The relationship between P2 peak intensity and pump pulse energy. (d)--(h) The schematic diagram shows the blue shift of optical gain (solid curves) and cavity mode (vertical lines). Solid lines denote the lasing action, while dashed lines mean no lasing occurred. The values given correspond to the pump pulse energy.](srep00244-f5){#f5}

![The importance of 3D confinement.\
(a) PL emission from microresonator on glass substrate. (b) Optical image and (c) PL image of the microresonator on glass. (d) PL emission from microresonator on Al foil. (e) Optical image and (f) PL image of the microresonator on Al foil. The values in (a) and (d) indicate the pump pulse energies for the measurement.](srep00244-f6){#f6}
